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The replacement of the two arginines with alanines (R2A) resulted in ؊23 and ؊13 mV shifts of inactivation and activation, respectively. Additional replacement of the two lysines with alanines did not result in further shifts. Single replacements of R426A or R429A induced ؊15 and ؊10 mV shifts of inactivation, respectively. R2A did not significantly change the inactivation rate but did markedly change the voltage dependence of recovery from inactivation. These two arginines are conserved in Kv4 subfamily, and alanine replacement of Arg 429 and Arg 432 in Kv4.2 gave essentially the same results. These effects of R2A were not modulated by co-expression of the K ؉ channel ␤ subunit, KChIPs. In conclusion, the two arginines in the cytosolic C-terminal domain of ␣-subunits of Kv4 subfamily strongly regulate the voltage dependence of channel activation, inactivation, and recovery.
A number of the major subgroups of voltage-dependent potassium (Kv) 1 channels, Shaker (Kv1), Shab (Kv2), Shaw (Kv3), and Shal (Kv4), share a common structure consisting of tetrameric ␣-subunits, in which three regions have high homology of amino acid sequences. These include the S4 voltage sensor domain, the H5 pore-forming segment, and the T1 cytosolic domains (1) . The time-and voltage-dependent gating corresponding to activation is attributable to a well conserved amino acid sequence in S4 transmembrane domains, which include positive charges in every three amino acid residues. This region forms a voltage sensor paddle (2) (3) (4) . The H5 domain corresponds to the pore, and its selectivity for potassium ions is determined by the so-called signature sequence, GYG (5) . The T1 domain mainly contributes to the stable formation of homo-and/or hetero-tetramers in a gondola-like structure within each subgroup (6 -10) .
In contrast to these common molecular features of the Kv1-4 subgroups, the functional characteristics and underlying mechanisms of inactivation vary widely. Rapid inactivation is a defining characteristic for Kv1 and Kv4 channels, in contrast to slow inactivation (or practically no inactivation) in Kv2 and Kv3 channels. The A-type K ϩ current is the major transient outward K ϩ current in many cells. It exhibits rapid inactivation in a wide variety of excitable tissues and is generated by the expression of Kv1.4, 3.4, 4.1, 4.2, or 4.3 channels depending upon tissues and species. The two (rapid and slow) inactivation time courses of I A through Kv1.4 channels are mediated by (i) the so-called ball-and-chain inactivation mechanism involving N-terminal polypeptides and (ii) the C-type inactivation mechanism involving the external mouth of the pore, respectively (11, 12) . However, the molecular mechanism(s) underlying Kv4 channel inactivation have not been well defined. In mouse Kv4.1, the inactivation can be regulated by both the C and the N termini, and they appear to be able to act in concert. In addition, several residues in S4-S5 loop and S6 can be also involved in inactivation gating, and this mechanism is apparently distinctive from N-or C-type inactivation clarified in Kv1 channels (13, 14) . Recently ␤-subunits, K ϩ channel-interacting proteins (KChIPs), have also been shown to modulate the inactivation significantly in Kv4 channels (15) (16) (17) (18) (19) (20) .
In the mammalian central nervous system, three members of Kv4 subfamily (Kv4.1, 4.2, and 4.3) are known to the major components of the so-called subthreshold A currents (I SA ). These currents are activated at membrane potentials negative to the threshold for spike generation and therefore can significantly modulate the threshold for excitation and spike duration (21) . For example, Kv4 channels are highly expressed in quickly spiking interneurons and pyramidal neurons of rat hippocampus and contribute to the action potential waveforms in these neurons (22, 23) . The activation, inactivation, and recovery kinetics and the steady state voltage dependence of these Kv4 channels are critical determinants of the functional roles of this K ϩ current in the central nervous system. In a previous study, we have shown that the deletion of 168 amino acids from the C-terminal domain of Kv4.3L (which is predominantly expressed in hippocampus) does not change activation or inactivation kinetics but significantly slows the recovery from inactivation (24) . The present study was undertaken to elucidate roles of the C-terminal domain in the inactivation mechanisms of Kv4 channels. Selective and specific deletions of C-terminal amino acids to position of 420 from the N terminus of Kv4.3M demonstrate that the domain between 429 and 420 has a very significant role in determining the voltage dependence of inactivation. To identify the molecular mechanism of this effect, the two positively charged amino acids, arginines in this region were replaced with neutral amino acids, alanines, R426A and R429A. This resulted in very significant shifts of both activation and inactivation relations (by ϳ15 mV in the negative direction) but did not change the inactivation time course. In summary, our results demonstrated that a small number of amino acids in the cytosolic C terminus of Kv4.x channels play critical roles in the regulation of the voltage dependence of the activation, inactivation, and recovery.
MATERIALS AND METHODS
Preparation of cDNA-Full-length rat Kv4.3M (WT) and Kv4.2 (24) and full-length rat KChIP2S (25) were ligated into pcDNA3.1(ϩ) (Invitrogen) and pTracer-CMV2 (Invitrogen) using a TaKaRa ligation kit, version 1 (TaKaRa), respectively. All of the deletion mutant constructs, Kv4.3DC487, DC471, DC469, DC446, DC434, DC429, DC425, DC420, and DC412 (see Fig. 1A ), were prepared by the removal of the Cterminal cytoplasmic domain of Kv4.3M. Antisense primers (contained the Kv4.3M sequence up to each selected position, 487, 471, 469, 446, 434, 429, 425, 420, and 412, the in-frame stop codon) were designed, and then PCR was used to amplify selectively each incomplete fragment of Kv4.3 from Kv4.3M constructs. After PCR, the fragment of each Kv4.3 deletion mutant was subcloned into pBluescript SK(ϩ) (Strategene). All of the constructs were sequenced by the dideoxy method using a Thermo Sequenase cycle sequencing kit, with DSQ-1000L (Shimadzu). Following this, the fragments encoding each deletion mutant were subcloned into a mammalian expression vector, pcDNA3.1(ϩ). To construct the site-directed mutants of Kv4.3, arginine or lysine were substituted for alanine or lysine at targeted sites Lys 423 , Lys
424
, Arg 426 , and Arg 429 by a QuikChange site-directed mutagenesis kit (Strategene): 4A (K423A,K424A,R426A,R429A), R2A (R426A,R429A), R426A, R429A, K2A (K423A,K424A), and R2K (R426K,R429K). The site-directed mutants (4A, R2A, K2A, R426A, R429A, and R2K) were also identified by DNA sequencing. The site-directed mutant of Kv4.2 was also constructed using the similar protocols to replace Arg 429 and Arg 432 with alanine.
Cell Culture and Transfection-HEK293 cells were maintained as previously described (24) , and transient expression of Kv4.3M (WT), mutant constructs, and KChIP2S was performed using the calcium phosphate co-precipitation technique (25) . The cells were maintained on small pieces of coverglass (3 ϫ 3 mm) in culture dishes for 48 -72 h after transfection and then used for electrophysiological experiments.
Electrophysiology-Whole cell voltage clamp was applied to single HEK293 cells using a CEZ-2400 amplifier (Nihon Kohden). Transfected cells were identified by green fluorescent protein signals that were derived from pTracer-CMV2 and observed with a fluorescence microscopy (Nikon, GFP-LP filter). All of the experiments were performed at room temperature (23 Ϯ 1°C). The membrane currents were monitored and stored as previously reported (26) . For electrical recordings, HEPES-buffered solution having the following composition was used as the external solution: 137 mM NaCl, 5.9 mM KCl, 2.2 mM CaCl 2 , 1.2 mM MgCl 2 , 14 mM glucose, 10 mM HEPES, pH 7.4. The pipette filling solution contained 140 mM KCl, 4 mM MgCl 2 , 5 mM Na 2 ATP, 0.05 mM EGTA, 10 mM HEPES, pH 7.2.
The voltage dependence of I A activation was determined using the conventional double pulse protocol described previously (27) . The membrane potential was depolarized from Ϫ100 mV to selected test potentials for 8 ms to activate I A and then to Ϫ60 mV to measure the tail current as indicated in the text. The initial tail current amplitude was normalized to the maximum in each cell, and this value was plotted against the selected depolarizing potential. The data were fitted with the Boltzmann equation, and the voltages required for the half-maximal activation and the slope factor were obtained from the best fitting relationship. In all experiments, these double pulse clamp steps were applied once every 10 s. The steady state voltage dependence of I A inactivation was also determined by the conventional double pulse protocol. I A was activated and inactivated with 1-s step depolarizations from Ϫ80 or Ϫ100 mV to selected test potentials, and then the remaining channels were activated by a second depolarization to ϩ20 mV. Normalization of current records and fitting of the data to the Boltzmann equation were performed in a similar manner as for the activation.
Statistics-The pooled data are expressed as the means Ϯ S.E., and the statistical significance was examined using the unpaired Student's t test or Dunnett's test for two or multiple groups, respectively. In the figures, *, **, $, and $$ indicate statistical significance at p values of 0.05, 0.05, 0.01, and 0.01, respectively.
RESULTS
Deletion of C Terminus of Kv4.3-Nine mutant constructs of the K ϩ channel ␣-subunit, Kv4.3M, were prepared by deleting the C terminus at selected locations, as shown in Fig. 1A . Whole cell K ϩ currents through wild type Kv4.3M (WT) expressed in HEK293 cell (see "Materials and Methods") were activated by depolarization lasting 1 s from a holding potential of Ϫ80 mV. These typical A-type K ϩ currents are shown in Fig.  1B . Kv4.3 mutant constructs, in which the C terminus was deleted up to amino acid positions of 487 (DC487), 434 (DC434), 429 (DC429), 425 (DC425), and 420 (DC420) from the N terminus, also generated A-type K ϩ currents (Fig. 1B) . In our first series of experiments, the peak I A density at ϩ40 mV was measured in HEK293 cells, which had been transfected with the same amount of plasmid DNA encoding wild type or mutated Kv4.3. The results showed that progressively larger deletions of the C terminus resulted in correspondingly smaller I A densities. For this reason, larger amounts of plasmid DNAs were utilized in subsequent experiments for the analysis of mutant constructs. Fig. 1C shows the relationship between the extent of C terminus deletion and the current density/unit amount of each plasmid DNA. For example, the DC487 mutant resulted in only ϳ20% of the functional expression of the WT construct. The results obtained with this approach clearly demonstrated that the functional expression of Kv4.3 highly depended on the C terminus amino acid composition beyond amino acid 487. Further deletion, up to amino acid 412 (DC412), resulted in complete loss of channel expression, even when the cDNA used for the transfection was 50 times larger than the amount required for WT.
To study the properties of these mutant constructs in more detail, the time-and voltage-dependent gating parameters of I A were recorded from HEK293 cells in which mutated Kv4.3 channels were transiently expressed ( Table I ). The activation kinetics measured as the time to peak of I A for mutated Kv4.3 channels from DC487 to DC434 at ϩ20 mV were identical to that of WT. The time to peak of DC429 was significantly shorter than that of WT, and the time to peak of DC425 and DC420 were significantly longer than that of DC429. The inactivation time course of I A for these mutated Kv4.3 channels was well fitted by the sum of two exponential components. The faster time constant of inactivation f values of these currents were in the range of 34 (DC429) and 54 ms (DC420) at ϩ20 mV, and that of DC420 was significantly larger than that of WT. The slower time constant of inactivation s was not affected significantly by these deletions. The contribution of fast component to total inactivation (A fast /(A fast ϩ A slow )) was not affected markedly by these deletions.
In contrast to the activation and inactivation time courses, the voltage dependence of inactivation and the time course of recovery from inactivation were both changed markedly by the selected deletions (Fig. 2) . Voltage dependence of the steady state inactivation was determined using a conventional two-step pulse protocol. The half-inactivation voltage (V1 ⁄2 ) and slope factors were obtained by fitting of the Boltzmann relationship to each set of data, as summarized in Fig. 2A (right panel) and also in Table II . The V1 ⁄2 was shifted to more negative potentials by a maximum of Ϫ17 mV by C-terminal deletions to DC429. Interestingly, further deletions resulted in a shift to more depolarized membrane potentials.
The time course of recovery from inactivation was measured by applying a paired pulse protocol from a holding potential of Ϫ80 mV. The recovery from inactivation was defined as the relative amplitude of the peak current elicited by the second pulse versus that by the first one and plotted as a function of the interval between these paired pulses (Fig. 2B) . The time course of recovery from inactivation was well fitted by single exponential function and is summarized in Fig. 2B (right panel). Note that rec was increased significantly from ϳ200 to ϳ600 ms by progressively larger deletions up to DC429. However, further deletions markedly shortened rec . In Fig. 2C , rec is plotted on logarithmic scale against the holding potential. The membrane potential values are corrected to account for the deletion-induced shift of V1 ⁄2 from that of WT (Ϫ52.1 mV in Fig.  2A ). For example, the holding potential used to measure rec of DC429 was originally Ϫ80 mV, and it was corrected for the V1 ⁄2 shift by Ϫ16 to Ϫ64 mV, and the log 10 rec was 2.76. These findings demonstrate a clear correlation between corrected holding potentials and log 10 rec values of WT, DC487, DC471, DC434, and DC429. In contrast, the data of DC425 and DC420 did not fit to this correlation. Therefore, the voltage dependence of I A inactivation and its recovery are both strongly regulated by the C-terminal domain of Kv4.3, which is located to a well defined region between DC429 and DC420.
Point Mutations of Positively Charged Amino Acids between 429 and 425-Based on these results, the amino acids between 429 and 420 were investigated in detail, based on the working hypothesis that charged amino acids are likely to be responsible for voltage dependence of Kv4.3 channel inactivation. There are four positively charged amino acids in this region; two arginines (Arg 426 and Arg 429 ) and two lysines (Lys 423 and Lys 424 ). Fig. 3 shows the data obtained following the replacement of these two arginines with the neutral amino acid alanine (R2A). Activation of the R2A-mutated Kv4.3M by depolarization from holding potential of Ϫ80 mV elicited typical A-type K ϩ currents (Fig. 3A) . Surprisingly, the voltage dependence of activation (Fig. 3B ) and the steady state inactivation (Fig. 3C) were markedly shifted in the negative direction by these two amino acid substitutions. A substantial fraction of R2A channels are inactivated at the holding potential of Ϫ80 mV. For this reason, subsequent experiments were also performed at , and Lys 423 , denoted by asterisks, were made using alanine replacement. WT rKv4.3M, rKv4.2, and mutant constructs of rKv4.3M were each transiently expressed in HEK293 cells. B, A-type K ϩ currents were measured from HEK293 cells, in which WT Kv4.3M, DC487, DC434, DC429, DC425, and DC420 were heterologously expressed. Each cell was depolarized for 1 s from holding potential of Ϫ80 mV to ϩ40 mV using 10-mV steps, applied once every 10 s. C, relative efficacy of functional expression following transfections with cDNAs of WT Kv4.3M and its deletion mutants. The peak amplitude of I A at ϩ40 mV was divided by cell capacitance to obtain the current density (pA/pF). The relative efficacy of expression was calculated from the current density and the amount of cDNA used for the transfection. The cDNA amount was adjusted for each cDNA to obtain a peak amplitude of ϳ1500 pA. The transfection with DC412 was attempted three times but did not result in functional expression. The numbers of recordings were 16, 11, 11, 7, 7, 7, 10, 6 , and 12 for WT, DC487, DC471, DC469, DC446, DC434, DC429, DC425, and DC420, respectively. 
Control (Vh ϭ Ϫ100 mV)
Time to peak (ms) the holding potential of Ϫ100 mV. Under these conditions, the V1 ⁄2 values of R2A, R426A, and R429A for the activation and inactivation were significantly shifted to negative potentials (Table II) A, the voltage dependence of steady state inactivation was determined using a conventional two-step pulse protocol. Each cell was hyper-or depolarized for 1 s from Ϫ80 mV to test potentials between Ϫ110 and ϩ10 mV and then clamped at ϩ20 mV for 1 s. This pulse sequence was applied every 10 s. The relative amplitude (left panel ordinate) of I A elicited by the second voltage step was calculated as a ratio of the maximum and plotted against test potentials (abscissa). Each set of experimental data was fitted with the Boltzmann equation, and the half-inactivation voltage (V1 ⁄2 ) and slope factor were determined. These V1 ⁄2 values are summarized in the right panel. Note that V1 ⁄2 of DC429 was the most negative among those of WT and mutants. * and ** indicate statistical significance versus WT at p Ͻ 0.05 and 0.01, respectively. $ and $$ indicate that versus DC429 and are shown for DC425 and/or DC420 only. The numbers of experiments were 9, 8, 7, 5, 7, 6, and 7 for WT , DC487, DC471, DC434, DC429, DC425, and DC420, respectively. B, the time course of recovery from inactivation was determined using a conventional paired pulse protocol. Each cell was depolarized from Ϫ80 to ϩ20 mV by two identical steps, varying the coupling intervals (⌬t) from 0 to 2000 ms. The membrane potential during the interval was also Ϫ80 mV. This set of paired pulses was applied once every 15 s. The recovery time course (left panel ordinate) was obtained as the ratio of peak amplitude in the second pulse versus that in the first pulse and was well described by single exponential function. The rec values are summarized in the right panel. Note again that the rec in DC429 was the longest. The numbers of experiments were 13, 8, 7, 6, 7, 6 , and 9 for WT , DC487, DC471, DC434, DC429, DC425, and DC420, respectively. The symbols for statistical analyses are the same as those in A (right panel). C, the relationship between the holding potential corrected for the shift of the steady state inactivation V1 ⁄2 and rec in logarithmic scale. Although the holding potential in the measurement of rec was Ϫ80 mV, the voltage (abscissa) was corrected for the shift of V1 ⁄2 from that of WT in A (see text for further explanations). were replaced with alanine (R2A). B, voltage dependence of I A activation in cells expressing WT (E) and point-mutated Kv4.3M, R429A (OE), R426A (Ⅺ), and R2A (q). For this measurement, I A was activated by depolarizations from Ϫ100 mV to selected potentials for 8 ms, and then the cell was repolarized to Ϫ60 mV to measure the tail currents. The amplitude of peak tail current activated at each test potential was normalized by that of the maximum in the procedure and plotted as relative amplitude (ordinate) against the test potentials (abscissa). Each set of data was fitted by the Boltzmann equation, and the half-activation voltage and slope factor were determined. The numbers of experiments were 5, 6, 3, and 7 for WT, R429A, R426A, and R2A, respectively. C, voltage dependence of steady state inactivation of WT and point-mutated Kv4.3M constructs. The experimental procedures were the same as those in Fig. 2A . The holding potential was Ϫ100 mV. The symbols are the same as those in B. The numbers of experiments were 5, 8, 7, and 10 for WT, R429A, R426A, and R2A, respectively. D, the time course of recovery from inactivation in WT (E) and point-mutated Kv4.3M construct, R2A (q). The experimental procedures were the same as those in Fig. 2B . The holding potential was Ϫ80 mV. The recovery time courses of WT and R2A were fitted by single exponential function: 224.3 Ϯ 12.0 ms (n ϭ 13) and 907.5 Ϯ 56.0 ms (n ϭ 9), respectively (p Ͻ 0.01). E, correlation between the time course of recovery from inactivation and holding potentials. The recovery time constant on a logarithmic scale (ordinate) is plotted against the holding potentials (abscissa). Note that the rec of WT and R2A Kv4.3M depended on the holding potential in a similar manner although in different membrane potential ranges.
TABLE II Summary of the half-inactivation voltages and respective slope factors for I A in WT KV4.3M and selected mutant constructs in the absence or presence of KChIP2S
These parameters were obtained using the conventional double pulse protocol (see "Materials and Methods" in detail). The holding potentials were Ϫ80 mV for the measurements of WT, DC487, DC471, DC434, DC429, DC425, and DC420 and Ϫ100 mV for WT R2A, R426A, and R429A and R2A ϩ KChIP2S. The symbols * and ** indicate the statistical significance versus WT at p Ͻ 0.05 and 0.01, respectively. $ and $$ indicate the statistical significance versus control (without KChIP2S) at p Ͻ 0.05 and 0.01, respectively. These two amino acid mutations (R2A) also resulted in a striking change in the time course of recovery from inactivation (Fig. 3D) . The rec of R2A-mutated Kv4.3 channel current was 907.5 Ϯ 56.0 ms (n ϭ 9; p Ͻ 0.01 versus WT: 224.3 Ϯ 12.0 ms, n ϭ 13) at a holding potential of Ϫ80 mV. The rec was measured at three different holding potentials: Ϫ120, Ϫ100, and Ϫ80 mV. Fig. 3E illustrates the relationships between holding potentials and rec on a logarithmic scale. The two sets of data for WT and R2A are both well fitted by straight lines, respectively. The voltage difference between these two lines is ϳ20 mV, which is similar to the difference in V1 ⁄2 of the steady state inactivation. This suggests that the marked increase in rec by R2A mutation may be due to the change in voltage dependence of the inactivation.
To study the contribution of Arg 426 and Arg 429 to the regulation of the voltage dependence of inactivation, a single amino acid replacement was performed. This point mutation, R426A shifted V1 ⁄2 of the steady state inactivation to Ϫ66.0 Ϯ 2.3 mV (n ϭ 7, p Ͻ 0.01 versus WT: Ϫ51.7 Ϯ 1.5 mV, n ϭ 5) and changed rec to 167.7 Ϯ 15.6 ms (n ϭ 4, p Ͻ 0.01 versus WT: 84.0 Ϯ 8.9 ms, n ϭ 7) at holding potential of Ϫ100 mV. On the other hand, R429A shifted the inactivation V1 ⁄2 to Ϫ61.8 Ϯ 1.3 mV (n ϭ 8, p Ͻ 0.01 versus WT) and changed rec to 108.6 Ϯ 7.2 ms (n ϭ 8, p Ͼ 0.05 versus WT). In conclusion, the two arginines Arg 426 and Arg 429 both contribute substantially to the regulatory mechanisms underlying the voltage dependence of Kv4.3.
The amino acid composition in C-terminal domain of Kv4 subfamily is highly conserved in the region consisting of ϳ30 amino acids from the downstream of the S6 segments (Fig. 1) 429 and Arg 432 in rat Kv4.2 were replaced with alanines. These replacements in Kv4.2 also resulted in an ϳ10-mV shift in the negative direction in the V1 ⁄2 of the steady state inactivation (WT: Ϫ59.2 Ϯ 1.7 mV, n ϭ 5; R2A: Ϫ70.9 Ϯ 1.0 mV, n ϭ 6, p Ͻ 0.01) at a holding potential of Ϫ100 mV. The time course of reactivation, rec , at holding potential of Ϫ100 mV was 109.5 Ϯ 6.0 ms (n ϭ 4) in WT, and it was increased markedly by this amino acid replacement (180.3 Ϯ 13.5 ms, n ϭ 5; p Ͻ 0.01 versus WT).
Interaction of C Terminus with KChIP-It has been established that both the trafficking and the gating kinetics of the ␣ subunits of Kv4 subfamily can be regulated by the ␤-subunit, KChIPs (15, 27) . Although the binding domain of the Kv4 subfamily for KChIP is located in the N-terminal region (15, 16) , the possibility that the regulation of inactivation voltage dependence by two arginines in C-terminal domain may be affected in the presence of KChIP cannot be ruled out. To examine this, KChIP2S was co-expressed with WT, C terminus deletion mutant constructs, and R2A of Kv4.3M (Fig. 4A) . The current density of R2A alone at ϩ40 mV was identical to that of WT, when the same amount of cDNA was used for transfection, suggesting that R2A mutation per se did not change the functional expression of this channel protein. The co-expression of KChIP2S markedly enhanced the functional expression of both WT and R2A, by 340 and 204%, respectively. The co-expression of KChIP2S with WT slightly but significantly reduced the fast , and this maneuver also significantly increased the contribution of fast inactivation component to the total (A fast /(A fast ϩA slow )) ( Table I ). The V1 ⁄2 of the steady state inactivation and of recovery from inactivation at Ϫ80 mV of WT were shifted by ϩ11 mV, and markedly reduced to 18% of WT alone by the co-expression of KChIP2S with WT and R2A in a similar manner (Fig. 4, B and C, and also Table II) . These results are consistent with those reported previously for the co-expression of WT and KChIP (15, 16) . The co-expression of KChIP2S with R2A shifted V1 ⁄2 values by ϩ17 mV and reduced the rec values at Ϫ100 mV to 11% of R2A alone. These findings show that R2A mutation per se does not substantially alter the interaction of Kv4.3M with KChIP2S. In the same series of experiments, KChIP1 was co-expressed with WT or R2A, and similar results were obtained (data not shown).
In contrast to this R2A substitution, deletion of the C terminus substantially reduced the effects of KChIP2S on V1 ⁄2 of inactivation and rec of recovery from inactivation (Fig. 4, B and  C) . For example, the co-expression with DC471 shifted V1 ⁄2 only by ϩ6.6 mV and reduced the rec to 48%. Moreover, although the A fast /(A fast ϩ A slow ) value of WT was significantly increased by co-expression of KChIP2S, this parameter was not changed in the mutant constructs (Table I) . These results suggest that the C terminus of Kv4.3M (in addition to its N-terminal) may interact (directly or indirectly) with KChIP2S.
DISCUSSION

Two Arginines in the C-terminal Domain Regulate Voltage
Dependence of the Kv4 Subfamily-The most important new finding in the present study is that, in reconstituted Kv4.3M, the replacement of two positively charged amino acids (Arg 426 and Arg 429 ) in the C-terminal domain with neutral amino acids (alanines) resulted in an ϳ20-mV shift of the voltage dependence of both activation and inactivation. The inactivation rate was not changed significantly by these maneuvers. The time course of recovery from inactivation was also strongly regulated by these two arginines. This is the first report demonstrating that, in voltage-dependent K ϩ channels, a small number of amino acids located in the intracellular C terminus are responsible for the molecular regulation of the voltage-dependent gating. The molecular mechanism underlying the regulation of voltage dependence by these two arginines appears to be common among the Kv4 subfamily, because Arg 426 and Arg 429 are conserved in mKv4.1 and rKv4.2. We have shown that the replacement of corresponding two arginines in rKv4.2 resulted in very similar shift of the voltage dependence for steady state inactivation. The functional significance of Arg 426 and Arg 429 was revealed clearly in the results obtained from heterologous expression of C-terminal deletion mutants. Deletions in the C-terminal domain, DC487, DC471, DC469, DC446, DC434, and DC429 shifted V1 ⁄2 of steady state inactivation to more negative potentials. This shift was graded and reached a maximum of 17 mV. Further deletions to DC425 and DC420 resulted in a shift in the opposite direction (Fig. 2) . This strongly suggests that key amino acids are involved between 420 and 429. The reason why this pattern of results was not obtained in previous studies, in which C-terminal deletion mutants of Kv4 families were studied, is not clear. However, it is likely that large deletion of the C-terminal domain markedly reduced the expression efficiency following the transfection in HEK293 cells (Fig. 1C) . By applying a 50-fold larger amount of plasmid DNA encoding DC420 in comparison with that of WT, functional DC420 currents were recorded in HEK293 cells in our experiments. A previous study using C-terminally deleted murine Kv4.1 (mKv4.1), ⌬422-651 mutant, which apparently corresponds to DC420 in the present study, did reveal some changes in inactivation rate, but the striking roles of two arginine conserved in mKv4.1 were not reported (13) .
The finding that two arginines in the C-terminal domain can selectively regulate voltage dependence of both activation and inactivation without changing the inactivation time course (such as N-type inactivation) is unexpected. The C-terminal domain is presumably located in the cytoplasmic space, thus making it very unlikely to be highly sensitive to changes in transmembrane potential. The activation gate of Shaker K ϩ channel has been identified in the C-terminal end of S6 and a following short segment of intracellular domain (28, 29) . Using chimera of Shaker and KcsA, it had been also shown that the interaction of a short sequence in the S4-S5 linker domain ( LGYTLKSCASELGFL and 398 -410 PVPVIVSNFSRIY, in which sequences are well conserved except the underlined amino acids, respectively (Fig. 1) 426 and Arg 429 may strongly interact with an undetermined domain (presumably other than the activation gate itself) and that this interaction may give direct influence to the conformational changes of the activation gate and/or its interaction with S4-S5 linker. It is also possible that the two arginines may directly interact with S4-S5 linker or its neighboring segment. It is thought that the intracellular activation gate forms a very small pore by its steric exclusion; however, the region just intracellular to this "gate" has been suggested to be much broader (28) . Recent papers indicate that the T1 domain in Kv channels, which shows a gondola-like structure as a tetrametric unit just beneath the channel pore, also has important role in the voltage-dependent gating (30 -32) . Therefore, an alternative explanation may be as follows. The intracellular FIG. 4 . Changes in kinetic parameters of I A produced by co-expression of KChIP2S with WT Kv4.3M and the selected mutant constructs. A, I A was measured in cells in which WT Kv4.3M or mutants (DC420 and R2A) were expressed alone (left panels) or with KChIP2S (right panels). Each cell was depolarized from Ϫ80 to ϩ40 mV with 10 mV steps. B, the voltage dependence of steady state inactivation was determined in the same manner as shown in Fig. 2A from a holding potential of Ϫ80 mV. The resulting V1 ⁄2 values are summarized. The hatched columns and solid black columns indicate the values of Kv4.3M ␣-subunit alone (control), compared with the data obtained by co-expression of KChIP2S (ϩKChIP2S). The numbers of experiments for control were 9, 8, 7, 7, 7, and 10 for WT, DC487, DC471, DC429, DC420, and R2A, respectively, in the order shown in B, and those for ϩKChIP2S were 9, 6, 6, 5, 7, and 5, respectively. The symbols * and ** indicate statistical significance between control and ϩKChIP2S at p Ͻ 0.05 and 0.01. C, the recovery time constant from inactivation of I A was determined in the same manner as shown in Fig. 2B at a holding potential of Ϫ80 mV (WT, DC487, DC471, DC429, and DC420) or Ϫ100 mV (R2A). The numbers of experiments for control were 13, 8, 7, 7, 9 , and 9 for WT, DC487, DC471, DC429, DC420, and R2A, respectively, in the order shown in C, and those for ϩKChIP2S were 9, 6, 6, 5, 7, and 6, respectively. C-terminal domain distal to 430 (mainly 430 -487) may be located in the inner entrance or close to T1 domain and affect the regulation of voltage-dependent gating by activation gate, S4-S5 linker or T1 domain. The two arginines may have an essential role to maintain the spatial location of the distal C-terminal domain required for the interaction with the activation gate, S4-S5 linker, or T1 domain. The molecular mechanism responsible for the significant shifts of the inactivation V1 ⁄2 to the opposite direction by further deletion beyond the two arginines (DC425 and DC420) cannot be determined from this study. It may, however, reside in the very short remaining C-terminal segment distal to the motif corresponding to the activation gate, because the stability of activation gate would be markedly changed by the deletion. 426 and Arg 429 -The time-and voltage-dependent inactivation of Shaker type Kv channels appeared to be regulated by a combination of the N-and C-type inactivation mechanisms (33) . Interaction between positively charged amino acids in the N-terminal domain and negatively charged amino acids in pore region results in a fast block of this K ϩ channel following opening by the so-called ball and chain type (N-type) inactivation (34, 35) . Significant regulation of the inactivation rate by the C-terminal domain in S6 segment has also been identified; it manifests as a slowly inactivating component in Shaker type K ϩ channels (33) . On the other hand, the inactivation mechanisms of Kv4 subfamily remain obscure. Although the inactivation of Kv4 subfamily can be described by a bi-or tri-exponential time course, and the fast component often predominates, neither N-nor C-type inactivation has been incorporated (13, 14) . The existence of closed state inactivation in addition to open state inactivation has been reported in Kv4.1 (14, 18) and also Kv4.2 (36) and Kv4.3 (18, 37) . The rapid inactivation of Kv4.1 may occur from the open state and is suggested to result from the concerted molecular interaction of the N-and C-terminal regions. For example, N-terminal deletion results in slower inactivation without changes in activation kinetics in Kv4.2 (36) . The slow inactivation component has been suggested to develop from the closed sate, and it could be attributable to interaction between the S4-S5 linker and the distal section of S6 segment (14) . This interaction may therefore regulate both the activation gating and also the inactivation process in Kv4 channel.
Changes in Inactivation Rate by C-terminal Deletion but Not by Arg
Within the Kv4 subfamily, the amino acid sequence is highly conserved from S4 to S6 including S4-S5 linker and the pore regions, and there is complete sequence identity in the S6 segment. An important contribution of the distal domain in S6 segment (395-405) to the fast inactivation has been established (14, 38) . In addition, the first 19 amino acids in Cterminal domain distal to S6, which include the two arginines, are identical in all Kv4 subfamily. Replacement of two arginines and/or two lysines with alanine did not significantly change the inactivation rate, although a shift of steady state inactivation V1 ⁄2 in negative direction by 23 mV was observed in R2A. Our finding that the change in voltage dependence of inactivation is independent from the inactivation rate was entirely unexpected and is not predicted by any known state models of Kv4 channels. We postulate that the transition from closed sate to inactivated state may be greatly reduced by R2A and that the recovery from the closed state inactivation bypassing through the open state may be negligible in the mutant channel.
With the Kv4 subfamily, the homology of amino acid sequences in C-terminal domain more than 25 amino acids away from S6 segment is much lower than that in the proximal region. Effects of C-terminal deletions on inactivation have been examined in mKv4.1 (13) , and significant changes in inactivation rate have been reported. In contrast, in the present study, deletion-induced changes in inactivation rates were not significant and were much smaller than those in V1 ⁄2 and the recovery time course from inactivation. This difference in the results in two studies may be due to the low amino acid homology in the descending C-terminal domains of Kv4.1 and Kv4.3. Recently, marked changes in the voltage dependence and time course of inactivation by C-terminal deletion have been reported in the voltage-dependent Na ϩ channel (39, 40) , although the key amino acid sequence that is responsible has not been determined.
Other Roles of C-terminal Domain of Kv4 Subfamily and Potential Interaction with KChIPs-Very important functional roles of C terminus in Kv4 subfamily have been suggested. These include enhancement of trafficking of this protein to plasma membrane, modulation of the tetrameric combinations that form K ϩ channel, and functional interactions with auxiliary subunits that may connect these channel proteins to other constitutions in the plasmallemma and/or the cytoplasm. These functions are considered to be conferred by domains at some distance from the S6 segment and include the domains required for the interaction with filamin, Kv␤1, Kv␤2, PSD-95, etc. (41) (42) (43) . Thus, it is quite reasonable that the C-terminal deletion markedly reduced functional expression of Kv4.3 measured by the current density/unit amount of cDNA applied (Fig. 1C) .
KChIPs have been described as ␤-subunits of Kv4 subfamily that enhance trafficking of Kv4 protein to plasma membrane and markedly increase current density but also can change channel kinetics (15, 16) . Because the knock-out of KChIP2 results in the lack of I to in cardiac myocytes and may confer susceptibility to ventricular tachycardia (44) , it has been suggested that co-expression of KChIPs is essential for some of functional roles of I A . Co-expression of KChIP2S with Kv4.3M WT markedly enhanced functional expression, slowed the fast inactivation, shifted the V1 ⁄2 of steady state inactivation to the positive direction, and decreased the time constant of recovery from inactivation, as has been previously reported (16, 45) . Effects of KChIP2S on V1 ⁄2 of steady state inactivation and the time constant for recovery from inactivation tended to be reduced in C-terminal deletion mutants. These results suggest that KChIP2S may also interact with the C-terminal domain distal to 486 in Kv4.3M, although the binding domain of KChIP in the Kv4 subfamily has been identified in the N terminus (16) . Moreover, our results clearly show that co-expression of KChIPs does not affect the changes in voltage dependence of inactivation conferred by R2A (Fig. 4B) . The KChIP2s co-expression enhanced the functional expression of R2A as well as WT. These results suggest that Arg 426 and Arg 429 may not significantly contribute to the interaction of the Kv4.3 C-terminal domain with the KChIPs or the complex of the N terminus and KChIPs.
In conclusion, our results provide the basis for an entirely new molecular mechanism for regulating the voltage dependence of activation and inactivation of Kv4 subfamily without changing the inactivation time courses. This is the first report demonstrating that a short segment in the cytosolic C terminus domain can have a selective and obligatory role in regulating the voltage dependence of Kv channels. Two arginines in the cytosolic C-terminal domain (Arg 426 and Arg 429 in Kv4.3M) are essential for this regulatory mechanism. Changes in expression levels of the Kv4 subfamily have been reported as an important factor regulating the changes in excitability in the setting of various diseases in the mammalian central nervous system and heart and also in the uterus during pregnancy (46 -48) . Fol-lowing a point mutation of Arg 426 or Arg 429 in Kv4 subfamily resulting from either deletion or replacement with nonpositively charged amino acid, the availability of I A in tissues will be reduced because the mutated Kv4 channels will be strongly inactivated at resting membrane potential in the neurons or myocytes. This will change substantially the firing pattern in neurons and thus modulate the amount of transmitter release, as a result of increased action potential duration in the nerve terminals. Changes in transmural gradient of repolarization in mammalian left ventricle will be also expected. Accordingly, our results provide a novel target for analyses of diseases in a number of tissues, based on alterations of expression and/or functional activity in Kv4 channel subfamily.
